Activation of presynaptic ion channels alters the membrane potential of nerve terminals, leading to changes in transmitter release. To study the relationship between resting potential and exocytosis, we combined pre-and postsynaptic electrophysiological recordings with presynaptic Ca 2+ measurements at the calyx of Held. Depolarization of the membrane potential to between −60 mV and −65 mV elicited P/Q-type Ca 2+ currents of < 1 pA and increased intraterminal Ca 2+ by < 100 nM. These small Ca 2+ elevations were sufficient to enhance the probability of transmitter release up to 2-fold, with no effect on the readily releasable pool of vesicles. Moreover, the effects of mild depolarization on release had slow kinetics and were abolished by 1 mM intraterminal EGTA, suggesting that Ca 2+ acted through a high-affinity binding site. Together, these studies suggest that control of resting potential is a powerful means for regulating synaptic function at mammalian synapses.
Introduction

Accumulation of Ca
It is not known how a small depolarization can increase intraterminal Ca 2+ . This is particularly perplexing because Ca 2+ channels in the calyx of Held, where such presynaptic receptors have been described (Turecek and Trussell, 2001, 2002) , are thought to require depolarization positive to -45 mV for their activation, far higher than that achieved by receptor activation (<−55 mV). Indeed, synaptic facilitation, mediated by Ca 2+ accumulation, is achieved by conditioning depolarizations to −30 mV or more (Felmy et al., 2003) . These *Correspondence: trussell@ohsu.edu studies suggest that the facilitating effects of small depolarizations may be mediated by pathways other than Ca 2+ channels, such as activation of Ca 2+ transporters or intracellular Ca 2+ release mechanisms. Identifying the mechanisms of such modulation is important to the understanding of all depolarizing presynaptic receptors, highlighting the significance of ion channels that determine the resting potential of a presynaptic terminal.
In this study, we explored the link between the resting potential, Ca 2+ , and exocytosis in the calyx of Held. Elevation of resting potential between −80 and −60 mV led to activation of P/Q-type Ca 2+ channels, a gradual rise in the background level of Ca 2+ , and a 2-fold increase in the amplitude of the glutamatergic EPSC. Neither the depolarization nor this small change in Ca 2+ (50-100 nM) altered the spike-evoked Ca 2+ influx, yet they were sufficient to increase significantly the probability of glutamate release. Thus, presynaptic Ca 2+ channels serve to control release in two ways: the rapid activation and deactivation of the channels mediates phasic exocytosis, while their sensitivity to resting potential alters ambient Ca 2+ levels and thus controls release probability.
Results
Small Depolarization-Dependent Enhancement of EPSCs Is Ca
2+ Dependent Simultaneous pre-and postsynaptic recordings were employed to probe the relationship between the membrane potential preceding a nerve terminal action potential and the glutamate release evoked by it. Release of glutamate was monitored by AMPA receptor-mediated currents in postsynaptic neurons. When the presynaptic membrane potential was slowly shifted positive from rest (w−80 mV) for 10 s, the peak amplitude of the subsequent spike-evoked EPSC increased (Figure 1A) . This small depolarization-dependent enhancement, termed SDE, was evident when the presynaptic membrane potential was changed by as little as 10 mV. (We have used the term SDE here in order to distinguish this phenomenon from conventional facilitation or augmentation of synaptic strength). When potentials were raised to values near −60 mV, the EPSC was enhanced up to 2-fold ( Figures 1A and 1B) . Membrane potentials more depolarized than −60 mV produced variable effects on the EPSC, either increasing or decreasing it in different terminals, presumably as a consequence of facilitation of exocytosis; inactivation of K + , Na + , and Ca 2+ channels ( Figure 2C ); and distortion of the action potential waveform (data not shown). However, at potentials negative to −60 mV, spike size and shape were not significantly altered (p = 0.88 and 0.16, for height and width of spikes at −80 mV and −60 mV, respectively), despite the change in EPSC (Turecek and Trus In the presynaptic recordings described so far, patchpipettes contained a low concentration of BAPTA or fura-2 (25 M) to minimize competition with endogenous buffering mechanisms (Borst et al., 1995; Helmchen et al., 1997) . At these concentrations, BAPTA does not interfere with the release process (Borst et al., 1995) . To test directly the involvement of Ca 2+ in SDE, 25 M BAPTA + 1 mM EGTA were loaded into terminals. Owing to its slow kinetics and high affinity, EGTA at this concentration buffers global Ca 2+ without preventing transmitter release (Borst and Sakmann, 1996) . In experiments in which the buffering capacity was increased, the EPSC was no longer affected by depolarization over this same range of membrane potentials ( Figure  1B ). These findings therefore provide a causal link for increases in global Ca +2 and SDE.
Conditioning Depolarizations Increase Release
Probability Downstream of Ca 2+ Channels In order to determine which aspects of transmission are altered by depolarization, we examined the effect of preconditioning potentials on the amplitude of the Ca 2+ current evoked by a brief, action potential-like voltage pulse (Figure 2 ). Previous studies showed that large preconditioning pulses led to Ca 2+ current facilitation, which may be dependent on Ca 2+ influx (Borst and Sakmann, 1998; Cuttle et al., 1998). Indeed, pairs of brief pulses did result in acceleration of the rising phase and an increase in the peak amplitude of Ca 2+ current in our experiments (Figure 2A ). However, 5 s changes in the membrane potential to between −80 mV and −60 mV prior to a brief, strong voltage pulse had no significant effect on the Ca 2+ current (Figures 2B and 2C ). In two of eight cells tested, the Ca 2+ currents showed a small facilitation (w7.5%) after predepolarizations to −55 mV (greater depolarization than that used for SDE). However, in the remaining cells, conditioning potentials to −50 mV significantly inhibited the Ca 2+ current (6% ± 3%; n = 6, p < 0.05), presumably due to inactivation of Ca 2+ current during the prepulse (Figures 2B and 2C) . Thus, SDE cannot be due to enhancement of the Ca 2+ current, but instead must result from a process downstream of Ca 2+ entry. Such downstream actions could include effects on the vesicle release probability or vesicle pool size. Paired-pulse plasticity of EPSCs, a monitor of changes in release probability, was examined by delivering two stimuli to the calyx at 10 ms intervals and measuring the ratio of the amplitudes of the resulting EPSCs. The membrane potential before the first of the EPSCs was set to either −80 mV (gray trace) or −60 mV (black trace) for 10 s. With a prepotential of −80 mV, the EPSCs ex- hibited a facilitation (the ratio of the second to the first EPSC in the pair) of about 50% ( Figures 3A and 3B) . In contrast, a prepotential of −60 mV increased the first EPSC more than the second. On average, the pairedpulse ratio was significantly reduced from 1.56 ± 0.11 to 1.11 ± 0.07 (p < 0.05; n = 6). These data suggest that the change in presynaptic membrane potential increased the probability of transmitter release.
In the calyx, Ca 2+ is known to be involved in the recruitment of vesicles to the readily releasable pool (RRP) ( Figure 3Ei . These data indicate that SDE occurs downstream of Ca 2+ channels and also show that SDE does not depend on tiny changes in spike width, since the duration of the voltage pulse that triggers release was the same.
To determine whether the enhancement of the EPSCs was due to an increase in the RRP, we tested the same calyces with 20 ms pulses to 0 mV ( Figures 3D and 3Ei) . Such voltage pulses elicited large Ca 2+ currents (17.9 ± 1.6 pC) and large EPSCs (mean charge = 297 ± 57 pC), which have previously been shown to be sufficient to deplete most of the RRP (Sakaba and Neher, 2001b; Wu and Borst, 1999). Following a 5 s depolarization of the calyces to −60 mV, a second 20 ms pulse to 0 mV elicited slightly smaller Ca 2+ currents (16.5 ± 1.5 pC, p < 0.01, paired Student's t test). However, there was no change in the EPSC charge (286 ± 54 pC; 96.6% ± 1.7% of control EPSCs). Peak amplitudes were also not significantly different (control mean = 3.2 ± 0.55 nA; test mean = 3.2 ± 0.62 nA). These are summarized in Figure  3Ei . The ratio of the average postsynaptic responses to short and long voltage pulses provides an estimate of release probability; these were 4.7% and 7.3% for pulses from −80 mV and −60 mV, respectively (ratio of charge, p < 0.01, paired Student's t test; Figure 3Eii ). Together, these data indicate that SDE results from an increase in the fraction of the vesicle pool that is released with each action potential, with no change in the vesicle RRP size. We then compared the rise and decay times of Ca 2+ against the pulse voltage or peak Ca 2+ for that voltage (Figures 4Ci and 4Cii ). An average weighted time constant (τ wd ) was estimated by normalizing and integrating Ca 2+ signals during their decay phases. In response to 2 s pulses to −60 mV (briefer than the pulses in experiments shown in Figures 6 and 7) , the signals were slow to rise and decay (τ rise = 0.9 ± 0.3 s; τ decay = 0.9 ± 0.2 s), presumably due to an equilibration of Ca 2+ influx and to buffering and extrusion mechanisms. With stronger depolarizations, which were associated with larger peak Ca 2+ levels, the kinetics of both the onset and offset of the Ca 2+ rise accelerated. Following pulses to −40 mV, Ca 2+ decayed in two distinct phases, which could be estimated with double exponential functions (data not shown). Most of the Ca 2+ increase at this voltage decayed quickly t fast = 244 ± 24 ms (80% ± 8%), while the remaining decayed with t slow = 
Time Course of SDE
Because we can only measure the average Ca 2+ concentration over the whole calyx, our estimates of the Ca 2+ change associated with SDE may be erroneous if there is a substantial gradient in Ca 2+ from the active zone to the outer face of the synapse. If so, the level of Ca 2+ needed to induce SDE may be much larger than 50 nM. We reasoned that if enhancement required a low-affinity interaction with a Ca 2+ sensor, driven by high, microdomain Ca 2+ , then the synaptic enhancement should activate and terminate quickly, on the timescale of milliseconds, as the gradient forms and collapses. To test this hypothesis, the decay time of enhancement and Ca 2+ were examined following termination of a small depolarizing current pulse. In Figure   6A a small 8 s current pulse was delivered, followed by a brief 2 nA pulse to trigger a spike; the corresponding EPSC is shown below. This protocol was repeated by varying the delay (⌬t) between the end of the small pulse and the onset of the spike in order to track the decline of synaptic enhancement. The resulting family of sweeps is overlaid in Figure 6B . These show that the enhancement of the EPSC declined over several seconds. No change was seen in the width of the action potential, despite changes in EPSC amplitude ( Figure  6C ). The decline in the enhanced state lagged just behind the decay in Ca 2+ , with average time constants of 1.7 and 3.7 s, respectively ( Figure 6D ). In these experiments, the predepolarization-evoked [Ca 2+ ] decay was measured in separate trials to eliminate the contribution of large Ca 2+ changes during spike activity. We used these data to examine the relationship between the low Ca 2+ levels and the degree of EPSC enhancement. Figure 6E shows that Ca 2+ and the fold enhancement of the EPSC by depolarization were linearly related, with a slope of 60 nM for a doubling of the EPSC from control. When plotted on a double-log scale (Figure 6E, inset) , the EPSC varied with [Ca 2+ ] n with n = 1.09. Thus, enhancement of the EPSC by low Ca 2+ levels occurs with less apparent cooperativity than with spike-triggered exocytosis (Borst and Sakmann, 1996) .
Similarly, the onset of enhancement and the rise in [Ca 2+ ] followed almost identical time courses to their decline (Figure 7) . Here, a small current pulse was delivered for different durations, followed 10 ms later by a 2 nA, spike-triggering pulse (Figures 7A and 7B) . The spike width was not affected by the duration of the predepolarization ( Figure 7C) . Over six cells, the time constant of the rising phase of [Ca 2+ ] and EPSC enhancement was 2.1 and 3.4 s, respectively ( Figure 7D) . Together, these data show that ambient [Ca 2+ ] changes slowly with alterations in resting potential, and this is followed by corresponding changes in synaptic strength. Moreover, the slow time course of change in EPSC amplitude argues against a steep gradient of resting [Ca 2+ ] near the release sites, a conclusion supported by the ability of a slow Ca 2+ buffer, EGTA, to eliminate the effect of changes in resting potential on EPSC amplitude ( Figure 1B) .
Discussion
Increased Ca
2+ Causes SDE Elevation of the membrane potential of calyceal nerve terminals between −80 and −60 mV caused an increase in the probability of transmitter release. Several lines of evidence suggest that this effect was mediated by alterations in ambient Ca 2+ in the terminal. We showed that a small fraction of the high-voltage-activated P/Q-type Ca +2 channels may be open near the resting potential and mediate a small but potent rise in Ca 2+ . In addition, intracellularly applied EGTA prevented SDE and, moreover, the slow changes in Ca 2+ slightly preceded the time course of SDE of the EPSC. We have previously shown that an enhancement of the EPSC resulting from a small glycine-induced presynaptic depolarization is blocked by bath application of a membrane-permeant Ca 2+ chelator and that the (glycine- Our data suggest that very weak activation of channels, producing a current detectable only by heavily averaged, leak-subtracted whole-cell recordings, is still adequate to contribute to the ambient Ca 2+ of the synapse (Figure 4). Felmy et al. (2003) found that steps to −26 mV 2+ channels may serve two distinct functions that different dramatically in timescale. Submillisecond activation and deactivation is needed to evoke and terminate transmitter release. By contrast, the weak sensitivity of these channels to voltage changes near rest controls synaptic strength over the time frame of seconds. 2+ that leads to SDE is more than an order of magnitude lower in concentration and slower in decay kinetics than that associated with facilitation in the calyx (Felmy et al., 2003) , 2005) . However, in our experiments, increases of less than 100 nM that caused a change in probability of release were insufficient to cause any significant change in vesicle pool size, thus ruling out this possibility. The sensitivity to EGTA and the slow onset and offset of both volume-averaged Ca 2+ and EPSC enhancement argue against a mechanism whereby high concentration microdomains near the Ca 2+ channel could activate a low-affinity sensor. Hence, our data support models that propose a distinct high-affinity sensor, different from either the Ca 2+ channel or exocytosis trigger ( 2+ triggered a second messengermediated process that could either enhance Ca 2+ sensitivity or directly enhance the probability of vesicle fusion; this scenario would be consistent with a roughly 1 s lag between the Ca 2+ rise and enhancement (Figures 6 and 7) , consistent with synaptic potentiation at mossy fiber synapses (Brager et al., 2003; Regehr et al., 1994) . Interestingly, a recent study has shown that a phorbol ester may enhance release by altering the sensitivity of the release sensor. Additionally, this study showed that the release sensor could respond weakly to very low Ca 2+ levels, with a cooperativity similar to that we observed for SDE. It is also of interest that the relationship between PTP and background Ca 2+ is similar to our estimate of a 60 nM change for a doubling of response Habets and Borst, 2005) , suggesting that PTP and SDE may work through a common mechanism.
Mechanism of SDE
Presynaptic Regulation at Other Synapses
Previous studies on nerve terminals have generated opposing views on the role of resting potential in synaptic strength. In principle, one might expect depolarization to reduce the size of the spike (through Na + channel inactivation) and to reduce Ca 2+ current activation, as well as the driving force for Ca 2+ flowing during the tail current on the falling edge of the spike. Accordingly, in the squid giant synapse, transmitter release is enhanced by preceding hyperpolarizing membrane currents (Bullock and Hagiwara, 1957; Takeuchi and Takeuchi, 1962). Similar results were reported for neuromuscular junctions (Dudel, 1971; Hubbard and Willis, 1968) . However, in the squid giant synapse and in crayfish neuromuscular junctions, protracted, small depolarizations were reported to enhance transmitter release, over a time frame similar to that we observed for evoked release in the calyx (Charlton and Atwood, 1977; Wojtowicz and Atwood, 1984) . Moreover, elevation of extracellular K + ions, which should also depolarize synapses, increases transmitter output at neuromuscular junctions (Matyushkin et al., 1995; Takeuchi and Takeuchi, 1961) . Shapiro et al. (1980) showed that presynaptic depolarization to between −60 mV and −35 mV enhanced acetylcholine release in Aplysia and attributed this effect to inactivation of the K + current, which broadened the spike, and steady activation of Ca 2+ current. Similarly, in leech neurons, presynaptic depolarization enhances IPSPs, possibly as a result of spike broadening (Nicholls and Wallace, 1978) . We have found in a mammalian central nerve terminal that small but functionally significant Ca 2+ currents may be activated at even more negative potentials than in invertebrates. Unlike synapses in Aplysia and leech, SDE was not associated with a change in the spike width (Figures 6C and 7C) . Clearly, this effect must depend on the magnitude of the depolarization and the properties of the channels and Ca 2+ buffer in any given synapse. Nevertheless, these results suggest that channels that control the resting potential of a terminal may play an important role in the control of transmitter release in all synapses.
Our results bear on how presynaptic ionotropic receptors control transmitter release. A classical model of presynaptic inhibition, primary afferent depolarization, occurs when presynaptic GABA A receptors strongly depolarize nerve terminals and prevent successful spike invasion (Cattaert and El Manira, 1999) . However, weaker GABA action at these synapses has the opposite effect and strongly potentiates afferent transmission (Duchen, 1986) , consistent with our observations in the calyx terminal. While GABA A and glycine receptors couple to anion channels, other receptors, such as neuronal nicotinic and ATP receptors, activate cation channels, allowing both Na + and Ca 2+ entry and thereby enhance exocytosis (Khakh and Henderson, 2000; MacDermott et al., 1999). The present study suggests, that, regardless of the ionic permeability, these receptors may enhance release through a common mechanism.
Experimental Procedures
Slice Preparation
Coronal slices of brainstem were prepared from 9-to 12-day-old Wistar rats as previously described (Borst et al., 1995) . Briefly, 200 m thick sections were prepared in ice-cold artificial cerebrospinal fluid (ACSF) using a vibratome (VT1000S; Leica, Deerfield, IL). The ACSF used for slicing was composed of 125 mM NaCl, 25 mM glucose, 2.5 mM KCl, 3.0 mM MgCl 2 , 0.1 mM CaCl 2 , 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 0.4 mM ascorbic acid, 3 mM myo-inositol, and 2 mM sodium pyruvate, and it was bubbled with 5% CO 2 / 95% O 2 . Immediately after the slices were cut, they were incubated at 37°C for 30-60 min in normal ACSF (similar to the slicing solution, but the concentration of the divalent ions was changed to 1.0 mM MgCl 2 and 2.0 mM CaCl 2 and also contained 0.1 mM DL AP5, 0.001 strychnine, and 0.010 SR95531). Thereafter, they were stored at room temperature. Recordings were all obtained within w4 hr of slicing.
Whole-Cell Recordings
When ready for use, slices were transferred to a recording chamber and were continually perfused with ACSF (2-4 ml/min) at room temperature. Calyces were viewed using a Zeiss Axioskop FS equipped with differential interference contrast optics and a 63× waterimmersion objective (NA 0.9; Achroplan, Zeiss). Pipettes were pulled from thick-walled borosilicate glass capillaries (WPI) using a horizontal puller ( 
with KOH). Ca
2+ was buffered with 0.025 mM fura-2, 0.025 mM BAPTA, or 1 mM EGTA + 0.025 mM BAPTA, as specified. The glutamate and fura-2 ejected from the pipette while approaching the calyx were washed out for a period of w15 min after formation of a gigaohm seal, to reduce the nonspecific background fluorescence and activation of presynaptic metabotropic glutamate receptors. After rupturing the seals, the Ca 2+ buffer was allowed to equilibrate for another w15 min, during which time the access resistances stabilized to values between 6 M⍀ and 25 M⍀. Thereafter, the bridge was balanced and pipette capacitance compensation was applied. Evoked responses measured in voltage-clamped principal neurons were made with pipettes filled with solution containing 150 mM CsCl, 5 mM EGTA, 1 mM MgCl 2, 10 mM HEPES, 2 mM ATP, 0.3 mM GTP, 10 mM phosphocreatine, and 5 mM QX 314 (w310 mOsM), and the pH was adjusted to 7.2 with CsOH. Series resistances (4-12 M⍀) were compensated by 75%-90% (lag, 3.7 kHz) and monitored during the course of the experiment by small hyperpolarizing steps in both pre-and postsynaptic recordings. Resting potential was determined in current clamp (zero holding current). Liquid junction potentials were measured for all solutions, and reported voltages are appropriately adjusted.
To measure presynaptic Ca 2+ currents in response to voltage pulses, recording electrodes were filled with a solution that contained: 150 mM CsCl, 10 mM TEA-Cl, 1.0 mM MgCl 2 , 10 mM HEPES, 10 mM Na 2 phosphocreatine, 4 mM MgATP, and 0.3 mM GTP (w310 mOsm; pH adjusted to 7.2 with CsOH). Fura-2 (0.025 mM) or 0.025 mM BAPTA was used to buffer Ca +2 as specified. L-glutamate (0.1 mM) was also added in experiments in which EPSCs were measured simultaneously. To block K + and Na + channels, 20 mM NaCl in the ACSF was replaced with TEA-Cl (20 mM), and 4-AP (100 M) and TTX (0.5 M) were also added. In experiments determining RRP, 100 M cyclothiazide and 5 mM kynurenic acid were added to the ACSF to reduce desensitization and saturation of AMPA receptors, respectively. Signals were filtered at 5 kHz and sampled at 20 kHz.
To measure presynaptic Ca 2+ currents in response to voltage ramps, an intracellular solution was used that contained: 140 mM Cs methanesulphonate, 10 mM TEA-Cl, 10 mM HEPES, 10 mM Na 2 phosphocreatine, 4 mM Mg ATP, 0. 
Data Analysis
Pre-and postsynaptic responses were analyzed in Clampfit 9.2 (Axon Instruments, Foster City, CA).
